INTRODUCTION
============

Cell migration is an essential feature of many normal and pathological processes including embryogenesis, wound healing, inflammatory responses, and tumor cell metastasis. During migration, cells form dynamic or ruffled membranes that define the leading edges of motile cells. The formation of lamellipodia is thought to be regulated almost entirely by the assembly of an intricate network of filamentous (F)-actin and actin-associated proteins. It is well established that actin filaments, the Arp 2/3 complex and N-WASP, regulated by various small Rho-family GTPases (e.g., Rac1, RhoA, and Cdc42) and actin capping/binding proteins (cofilin and profilin) are universal components of lamellipodia (Small *et al.*, [@B61]; Takenawa and Suetsugu, [@B64]). Additionally, microtubules and other cytoskeletal-binding proteins such as fascin, fimbrin, dynamin, and cortactin influence actin network behavior and thereby contribute to the formation of lamellipodia (Matsudaira, [@B49]; Mogilner and Keren, [@B52]; Yamada *et al.*, [@B69]). Numerous kinases involved in different signal transduction pathways (e.g., extracellular signal--regulated kinase, c-Jun N-terminal kinase, p21-activated kinase \[PAK\], and protein kinase A) are also involved in initiating the formation of lamellipodia (Hall, [@B22]). The coordination and integration of all of these factors is essential for the control of actin polymerization within lamellipodia, which in turn is required for cell motility.

Vimentin, a type III intermediate filament (IF) protein, is a major cytoskeletal component of motile mesenchymal cells, including fibroblasts, macrophages, and metastatic tumor cells of epithelial origin. Vimentin, like other cytoskeletal IF, forms a complex network that circumscribes the nucleus and radiates toward the cell periphery. There is evidence that these vimentin IF (VIF) are involved in the regulation of cell motility. For example, vimentin expression has been correlated with cell migration in wound healing in normal cultured epithelial cells (Gilles *et al.*, [@B18]). It has also been shown that vimentin-knockout mice are defective in wound healing, that fibroblasts from the embryos of these mice are incapable of translocation, and that the reintroduction of vimentin rescues the motility of these cells (Eckes *et al.*, [@B15], [@B14]; Mendez *et al.*, [@B51]). Other evidence supporting the role of vimentin in cell motility comes from studies of the epithelial-to-mesenchymal transition (EMT; Acloque *et al.*, [@B2]). Intriguingly, vimentin expression alters the shape and enhances the motility of epithelial cells during the EMT, which takes place in normal development and tumor cell metastasis (Hendrix *et al.*, [@B26]; Mendez *et al.*, [@B51]). Similarly, analysis of the IF content of cancer cells demonstrates that vimentin expression is highly correlated with the invasive potential of many epithelial-derived cancers including those of the prostate and breast (Vora *et al.*, [@B65]; Zhang *et al.*, [@B72]), whereas the silencing of vimentin expression decreases the invasive properties of breast carcinoma cells by inhibiting the elongation of invadopodia (Schoumacher *et al.*, [@B56]).

In spite of the evidence supporting a role for VIF in cell motility, their specific function(s) have yet to be defined. It is likely that their organization and assembly states are altered as cells change shape during cell movement. With regard to the assembly states of VIF, it has been shown in vitro that vimentin assembly occurs in a stepwise hierarchical manner from soluble tetrameric complexes to mature IF (Herrmann and Aebi, [@B27]). An important intermediate in the assembly process is the unit-length filament (ULF) that is generated by the lateral association of eight tetramers. Notably, a vimentin mutant, Y117L, which exclusively forms ULF in vitro under a variety of buffer conditions, assembles into minuscule rodlets only when synthesized in vivo by forced expression in vimentin-free fibroblasts (Meier *et al.*, [@B50]). This suggests that ULF are formed in living cells. Nonfilamentous vimentin particles, which may represent aggregates of ULF, appear to be precursors in the assembly of short IF (squiggles), which then join end to end to form the long, mature IF that characterize the extensive networks present throughout interphase cells (Prahlad *et al.*, [@B55]; Kirmse *et al.*, [@B39]). Mature IF are dynamic structures as evidenced by fluorescence recovery after photobleaching (FRAP) analyses showing their constant exchange of subunits (Yoon *et al.*, [@B71]) and their continuous bending and waveform movements (Ho *et al.*, [@B30]; Yoon *et al.*, [@B71]).

With respect to the regulation of these assembly states of VIF in vivo, it has been shown that phosphorylation influences the dynamic properties of IF subunit exchange and VIF organization in cells (e.g., Chou *et al.*, [@B9]; Sihag *et al.*, [@B57]; Hyder *et al.*, [@B33]). Human vimentin has \>40 known phosphorylation sites (Li *et al.*, [@B47]), many of which are targets of kinases involved in regulating cell motility and related processes (Sihag *et al.*, [@B57]). For example, the phosphorylation of vimentin by phosphoinositide 3-kinase γ (PI3Kγ), which is involved in chemotaxis and cell migration, induces VIF network retraction toward the nucleus, while the expression of a PI3Kγ-insensitive vimentin mutant shows no retraction (Barberis *et al.*, [@B4]). In addition, immunofluorescence observations suggest that VIF organization is regulated by RhoA-binding kinase, ROKα, which is known to promote the formation of stress fibers and focal adhesion complexes (Sin *et al.*, [@B58]). The organization and phosphorylation of vimentin is also affected by many other kinases with known roles in cell motility (Sihag *et al.*, [@B57]).

In this study, we have experimentally interfered with VIF assembly and organization in order to gain insights into their functions in cell motility. Our results show that VIF at the periphery of fibroblasts inhibit the formation of lamellipodia, whereas the disassembly and withdrawal of VIF from the cell periphery facilitate the actin-based protrusion of lamellipodia.

RESULTS
=======

Vimentin organization within moving fibroblasts: lamella and lamellipodia
-------------------------------------------------------------------------

To initiate these studies, we determined the distribution of the different assembly states of vimentin in 3T3 cells and mouse embryo fibroblasts (mEF), both of which exhibit the typical fan-shaped leading lamellipodium and lamella of motile cells ([Figure 1A](#F1){ref-type="fig"}). Complex networks of long VIF are concentrated in the tail and perinuclear regions of these cells, with fewer long VIF extending from the nuclear region into the lamella ([Figure 1B](#F1){ref-type="fig"}). The majority of these long VIF terminate in the proximal region of the lamella, where there is an increase in the number of short filaments (squiggles; [Figure 1C](#F1){ref-type="fig"}, see region a) and nonfilamentous vimentin precursor particles ([Figure 1C](#F1){ref-type="fig"}, see region b). The number of squiggles decreases in the more distal regions of the lamella, while the number of particles increases. Within leading lamellipodia, there is a significant enrichment of particles ([Figure 1C](#F1){ref-type="fig"}, see region c). Overall, we observe an apparent gradient of the assembly forms of vimentin such that the highest concentration of vimentin particles is in lamellipodia, while the highest concentrations of long VIF are in the tail and perinuclear regions ([Figure 1, B and C](#F1){ref-type="fig"}). Observations of live fibroblasts expressing green fluorescent protein (GFP)--vimentin show virtually identical distributions of these different forms of vimentin, although there appear to be fewer particles in lamellipodia due to rapid photobleaching ([Figure 2, A--C](#F2){ref-type="fig"}). To localize the different assembly forms of vimentin within lamella and lamellipodia more precisely, we used antibodies directed against well-established lamellipodial markers including actin, Arp2/3, vasodilator-stimulated phosphoprotein (VASP), and cortactin (Small and Resch, [@B60]). Double-label immunofluorescence revealed the presence of nonfilamentous vimentin particles in the same regions as these markers (Supplemental Figure S1, A--I). Platinum replica immunogold electron microscope preparations confirmed the presence of vimentin particles in close association with the actin network within lamellipodia (Supplemental Figure S1, J--L).

![(A--C) Vimentin in a motile 3T3 cell with a typical leading lamellipodium and a trailing tail region. Long VIF are abundant in the tail, in the perinuclear regions, and appear to terminate in the proximal regions of the lamella (C, a). Short filaments (squiggles) are present in the proximal portion of the lamella (C, b), and particles are evident throughout the lamella. The lamellipodium is enriched in vimentin particles (C, c; A, phase contrast; B, C, immunofluorescence using anti-vimentin. C is a higher magnification of B). (D--F) Serum-starved 3T3 cells have mainly rigid-appearing edges devoid of lamellipodia (D). VIF extend to the edge of the cell (D, phase contrast; E, immunofluorescence with anti-vimentin; F is a higher magnification of the region in the box in E; cell edge traced in yellow). (G--I) Within minutes of the addition of serum to serum-starved 3T3 cells, areas of membrane ruffling/lamellipodia become apparent (G). After 30 min, immunofluorescence reveals that the distribution of the different forms of vimentin in the lamella/lamellipodia and tail regions are indistinguishable from those seen in fibroblasts maintained in serum (G, phase contrast; H, anti-vimentin; I, higher magnification of boxed area in H; cell edge traced in yellow). Bars = 10 μm.](1274fig1){#F1}

![Vimentin organization within live and serum-starved cells. (A--C) Observations of a lamellipodium in a live mEF expressing Emerald-vimentin show that long VIF do not extend into lamella/lamellipodia. Note the presence of particles in the lamellipodium with some squiggles in the proximal regions of the lamella. The fluorescence of particles present within the lamellipodium is light-sensitive and fades rapidly (A, phase contrast; B, Emerald-vimentin; C, higher magnification of B). (D--O) Time-lapse series of a region at the edge of a mEF expressing Emerald-vimentin that has been serum starved for 72 h. Top row shows Emerald-vimentin before (D), and at time intervals indicated (E--I), following the addition of serum. VIF retract toward the perinuclear region as membrane ruffles form and squiggles and some particles become visible (J--O, same images in phase contrast). Times indicated are in minutes. Bars = 10 μm.](1274fig2){#F2}

Vimentin disassembly and retraction accompanies the induction of lamellipodia in serum-starved cells
----------------------------------------------------------------------------------------------------

When fibroblasts are deprived of serum for 24--72 h, the frequency of lamellipodia formation decreases and the majority of cells adopt more rigid-appearing cellular margins ([Figure 1D](#F1){ref-type="fig"}). More specifically, 65% (n = 100) and 80% (n = 100) of serum-free 3T3 fibroblasts had no lamellipodia after 48 and 72 h, respectively, as indicated by Arp2/3 staining (data not shown). In contrast, in medium containing serum, the majority of cells (90%; n = 100) exhibit ruffled membranes/lamellipodia. After 72 h without serum, the VIF network consisted primarily of long fibrils appearing to extend from the perinuclear region to the cell periphery ([Figure 1, E and F](#F1){ref-type="fig"}), with only a few particles and short filaments visible in the cytoplasm. Within 1 min following serum addition, long VIF began to retract and lose their close associations with regions of the cell surface where membrane ruffling was initiated. Coincident with this rapid reorganization of VIF, numerous vimentin particles appeared within seconds, squiggles appeared within minutes, and both of these structures were dispersed in the forming of lamella and lamellipodia. By 30 min after serum addition, the distribution of the different forms of vimentin within cells containing a leading lamellipodium was indistinguishable from that of cells maintained in normal growth medium ([Figure 1, G--I](#F1){ref-type="fig"}). Observations of the reorganization of Emerald-vimentin expressed in living fibroblasts following serum addition supported these findings, as within minutes the long VIF were retracted from the cell surface toward the nuclear region ([Figure 2, D--I](#F2){ref-type="fig"}). In regions where VIF remained associated with the cell surface, no membrane ruffling was observed. Because the intracellular movements of VIF are known to be regulated to a great extent by motors associated with microtubules and microfilaments, we also examined the retraction of VIF in response to serum in the presence of inhibitors of both of these cytoskeletal systems. Nocodazole was used to disrupt microtubules in serum-starved cells before serum addition (see *Materials and Methods*). Following serum addition, the VIF network exhibited global retraction to the perinuclear region, as ruffling was initiated over the entire cell surface. This demonstrates that microtubules are not required for the retrograde movement of VIF (data not shown; Goldman *et al.*, [@B20]). In the presence of the actin-inhibitors latrunculin A or cytochalasin B, VIF were retained at the cell surface, and membrane ruffling was not evident following serum addition (Hollenbeck *et al.*, [@B31]).

The dynamic properties and phosphorylation of VIF are altered during the formation of lamellipodia
--------------------------------------------------------------------------------------------------

Subunit exchange along VIF in cells expressing GFP-vimentin was measured by FRAP in serum-starved fibroblasts and following serum addition. Fluorescence recovery was significantly slower in serum-deprived cells (t~½~ = 12.1 ± 2.4 min, n = 10) compared with cells observed 5--10 min following serum addition (t~½~ = 5.7 ± 1.9 min, n = 10; p \< 0.001). A likely factor involved in the increased rate of subunit exchange is vimentin phosphorylation, which regulates the assembly states, organization, and dynamic properties of IF proteins (Sihag *et al.*, [@B57]; Hyder *et al.*, [@B33]). Kinases activated following serum addition include Rho-kinase, protein kinase C (PKC), AKT, and PAK, all of which phosphorylate vimentin Ser-38 (Ando *et al.*, [@B3]; Kosako *et al.*, [@B40]; Goto *et al.*, [@B21]; Eriksson *et al.*, [@B16]; Zhu *et al.*, [@B73]1). Quantitative immunoblotting confirmed that Ser-38 was rapidly phosphorylated following serum addition, increasing by ∼350% in the first minute. This level of phosphorylation persisted for 60 min ([Figure 3A](#F3){ref-type="fig"}) and was comparable to that of cells grown in normal serum (data not shown). To determine whether this rapid increase in Ser-38 phosphorylation was reversible, 72-h serum-starved cells were exposed to a 30-min pulse of serum and then returned to serum-free medium. By 30 min following serum withdrawal, levels of pSer-38 vimentin were significantly decreased, and by 120 min vimentin--Ser-38 phosphorylation resembled that of 72-h serum-starved cells ([Figure 3B](#F3){ref-type="fig"}). Immunofluorescence observations of cells following serum addition confirmed these results ([Figure 3, D--L](#F3){ref-type="fig"}) and demonstrate that VIF, as well as vimentin squiggles and particles ([Figure 3, J--L](#F3){ref-type="fig"}), are phosphorylated at Ser-38 within \<1 min following serum addition. Another phosphoepitope-specific antibody, vimentin pSer-82 (Izawa and Inagaki, [@B35]), showed no reaction by immunofluorescence or immunoblotting following serum stimulation (data not shown). Interestingly, even though Ser-38 phosphorylation appears to take place throughout the entire VIF network, the disassembly and retraction of the VIF network takes place only within certain small regions near the cell surface ([Figure 3, G--L](#F3){ref-type="fig"}). This localized VIF disassembly was confirmed by analyses of the pellet and supernatant fractions of IF-enriched cytoskeletal preparations, which revealed no detectable differences in the amount of soluble vimentin following serum addition using either anti-vimentin or anti--pSer-38 ([Figure 3C](#F3){ref-type="fig"} and data not shown; Yoon *et al.*, [@B71]). Because of this, we sought a technique that would permit us to examine the changes in vimentin assembly states in a more localized and controlled manner, as described later in this article.

![Vimentin-Ser phosphorylation increases after serum addition. (A) Immunoblotting demonstrates that phosphorylation of vimentin Ser-38 increases dramatically within 1 min after serum addition and persists up to 60 min. Vimentin and actin are used as loading controls, and the pSer-38 blot has been exposed long enough to show the signal at 0 min. (B) Time course of vimentin--Ser-38 phosphorylation after serum activation followed by serum depletion. Cells were serum starved for 72 h (lane marked −S); serum was added for 30 min (+S), and then cells were replaced into serum-free medium and cell lysates prepared at the indicated times (5--240 min). (C) No differences were detected in the distribution of vimentin between the pellet and supernatant fractions after serum starvation (72 h) or 10 min and 60 min after serum stimulation. (D--F) Double-label immunofluorescence with anti-vimentin (D) and anti--vimentin pSer-38 (E) showing that this residue is minimally phosphorylated in a serum-starved 3T3 cell (72 h; F, overlay). (G--I) Staining with the anti--vimentin pSer-38 in a 3T3 cell 10 min after serum addition. Note that the entire VIF network stains with this phosphospecific antibody (G, anti-vimentin; H, anti--vimentin pSer-38; I, overlay; 10 min). (J--L) Higher magnification of the area denoted by the box in (G) demonstrates that pSer-38 is also found in particles and squiggles in the region where a lamellipodium is formed. Bars = 10 μm.](1274fig3){#F3}

Vimentin is reorganized following Rac1 activation
-------------------------------------------------

The dynamic properties of VIF during the formation of lamellipodia were determined by taking advantage of a photoactivatable Rac1 (PA-Rac1) that can be used to induce the formation of lamellipodia (Fukata *et al.*, [@B17]; Wu *et al.*, [@B68]). Nonirradiated serum-starved fibroblasts expressing PA-Rac1 have no lamellipodia and contain VIF networks that extend to the cell surface ([Figure 4, A--D](#F4){ref-type="fig"}; n = 50). Within 5--10 min of activating PA-Rac1 by exposing entire dishes of serum-starved cells to light, immunofluorescence studies showed that the VIF had withdrawn from the cell surface ([Figure 4E](#F4){ref-type="fig"}) as Arp2/3-enriched lamellipodia became apparent around the entire cell periphery ([Figure 4G](#F4){ref-type="fig"}; n = 50). Vimentin particles are apparent in the lamella and lamellipodial regions of these cells ([Figure 4F](#F4){ref-type="fig"}).

![PA-Rac1 activation induces vimentin reorganization. (A--D) Double-label immunofluorescence showing that the VIF network extends to the cell periphery in a serum-starved (72 h) mEF stably expressing PA-Rac1 (A, vimentin; B, higher magnification of area near asterisk in A). These cells do not have lamellipodia, as indicated by staining with anti-Arp2/3 (C, Arp2/3; D, overlay). (E--H) Within 10 min after whole-cell irradiation, VIF have withdrawn from the edge of the cell (E, anti-vimentin; F, higher magnification of area near asterisk in E). This retraction is coincident with the formation of lamellipodia that encircle the entire cell as indicated by Arp2/3 staining (G, Arp2/3; H, overlay). Vimentin particles are evident within the lamella and lamellipodium (E, F). Cells were fixed in formaldehyde to preserve the actin-rich structures within the lamellipodia rather than methanol, which is the optimal fixation for vimentin (see *Materials and Methods*). Bars (D, H) = 10 μm. (I) Local activation of Rac1 in a region of a serum-starved (72 h) 3T3 cell expressing both Emerald-vimentin and PA-Rac1. This region contains relatively few VIF, oriented toward the cell surface. Within minutes after a single pulse of irradiation (red circle), local membrane ruffling is initiated (I, phase contrast and Emerald-vimentin overlay at indicated time intervals after irradiation). The VIF network appears to disassemble and retract from the cell surface as the lamellipodium forms (see Supplemental Video S2). (J) Serum-starved (72 h) 3T3 cells stably expressed PA-Rac1 and transiently expressed Emerald-vimentin. Thick bundles of VIF are evident parallel to the edge of the cell. Following the irradiation of only this region, these bundles appeared to unwind and retract from the cell surface. This was coincident with the formation of squiggles and particles, many of which moved rapidly out of the field of view (see asterisk for moving squiggle; also see Supplemental Video S3; top row, fluorescence images taken at the time intervals indicated; bottom row, same images superimposed over phase contrast to show the expanding lamellipodial region). Bars (I, J) = 5 μm.](1274fig4){#F4}

A major advantage of the PA-Rac1 construct is that it can also be activated in a defined subcellular region of a single cell to locally induce the formation of a lamellipodium (Wu *et al.*, [@B68]). Therefore we photoactivated live, serum-starved 3T3 fibroblasts coexpressing mCherry-PA-Rac1 and Emerald-vimentin. Local activation of PA-Rac1 induced a retraction of the VIF within and near the irradiated area ([Figure 4I](#F4){ref-type="fig"}; see Supplemental Video S2). Interestingly, we found that the number of light pulses required to induce ruffling was dependent on the density of the VIF adjacent to the cell surface. In regions that contained few VIF (see [Figure 4I](#F4){ref-type="fig"}), the induction of lamellipodia required only a single pulse that was coincident with the retraction and disassembly of VIF. In contrast, where there were thick bundles of VIF, between 10--30 pulses were required ([Figure 4J](#F4){ref-type="fig"}; see also Supplemental Video S3). In all instances, the withdrawal of VIF toward the nucleus was accompanied by their disassembly, as indicated by an increased number of squiggles, and some particles in the region vacated by the withdrawing VIF. Detailed observations of bundles of VIF at the cell periphery demonstrated that their retraction was accompanied by their apparent unwinding and loosening, giving rise to thinner fibrils and squiggles, the latter of which subsequently moved away from the bundle ([Figure 4J](#F4){ref-type="fig"} and Supplemental Figure S3). PAK is activated by Rac1 and it phosphorylates vimentin at Ser-38 (Goto *et al.*, [@B21]). Therefore we determined whether the photoactivation of an entire mEF cell expressing PA-Rac1 would also induce the phosphorylation of vimentin at Ser-38. Immunofluorescence observations of cells transfected with PA-Rac1 revealed a dramatic increase in vimentin pSer-38 staining within 1--2 min of whole-cell PA-Rac1 activation ([Figure 5, A--C](#F5){ref-type="fig"}), while neighboring cells on the same coverslip that were not expressing PA-Rac1 exhibited much less vimentin pSer-38. Vimentin phosphorylation was always observed before obvious membrane ruffling. Quantitative immunoblot analyses of whole-cell extracts obtained from irradiated or nonirradiated mEF cultures stably expressing the PA-Rac1 construct demonstrated an ∼400% increase in vimentin pSer-38 within 10 min following exposure to light ([Figure 5D](#F5){ref-type="fig"}).

![Activation of PA-Rac1 induces vimentin-Ser phosphorylation. (A--C) mEF transiently expressing PA-Rac1 were serum starved for 72 h, and then the entire coverslip was irradiated before fixing and staining with antibodies directed against vimentin (B) and vimentin pSer-38 (C). Cells expressing PA-Rac1 were indentified by their mCherry tag (data not shown; cell indicated by asterisk, see *Materials and Methods*). Note that the VIF have retracted from the periphery of the PA-Rac1--expressing mEF (A, B) and that they are phosphorylated at Ser-38 (C). In comparison, the VIF were not reorganized in a neighboring cell that did not express PA-Rac1 (cell without asterisk). Immunoblotting revealed a significant increase in pSer-38 after the irradiation of serum-starved (72 h) cultures of cells stably expressing PA-Rac1 (D, vimentin pSer-38). (E--P) mEF stably expressing PA-Rac1 were also spot irradiated and then fixed and processed for immunofluorescence at the indicated time intervals. In cells fixed immediately after photoactivation, VIF were phosphorylated at Ser-38 in or only near the irradiated area (see red circle; E, phase contrast; F, vimentin; G, vimentin pSer-38; H, overlay; inset shows irradiated region). Within 10--20 s, the area of vimentin pSer-38 had spread from the irradiated spot (I, phase contrast; J, vimentin; K, vimentin pSer-38; L, overlay), and by 45--60 s, vimentin pSer-38 was evident throughout the entire VIF network (M, phase contrast; N, vimentin; O, vimentin pSer-38; P, overlay). Bars = 10 μm.](1274fig5){#F5}

To gain a better understanding of the spatial relationship between the activation of Rac1 and vimentin phosphorylation, we locally irradiated ∼10-μm-diameter spots in PA-Rac1--expressing fibroblasts and looked for changes in vimentin phosphorylation at Ser-38. Immediately after photoactivation, there was a significant increase in the phosphorylation of Ser-38 on the VIF at the site of irradiation ([Figure 5, E--H](#F5){ref-type="fig"}). Fixation within 10--30 s after photoactivation revealed that the area of phosphorylation appeared to be spreading away from the site of irradiation along the vimentin network ([Figure 5, I--L](#F5){ref-type="fig"}). Finally, within 1 min following the irradiation of an ∼10-μm-diameter spot, the entire VIF network showed an increase in Ser-38 phosphorylation compared with nonirradiated cells ([Figure 5, M--P](#F5){ref-type="fig"}).

The targeted disassembly of VIF induces the formation of lamellipodia
---------------------------------------------------------------------

The results described above suggest that the presence of a VIF network at the edge of a cell inhibits the formation of lamellipodia. To further test this hypothesis, we used a dominant-negative mimetic peptide, 2B2. This peptide is derived from the C-terminal end of the central rod domain (residues 355--412) and has been shown to inhibit the assembly of VIF in vitro (Strelkov *et al.*, [@B62]). We show here that the 2B2 peptide also drives the disassembly of polymerized VIF in vitro, as determined by negative stain electron microscopy ([Figure 6, A--C](#F6){ref-type="fig"}). This disassembly begins within 10 s following the addition of the 2B2 peptide, resulting in the appearance of short filaments alongside the remaining long VIF ([Figure 6B](#F6){ref-type="fig"}). After 5 min, VIF have been disassembled nearly completely into ULF-like structures, with an occasional short filament ([Figure 6C](#F6){ref-type="fig"}). To determine the effects of the 2B2 peptide on VIF networks in vivo, 3T3 cells were serum-starved for 72 h and then microinjected with the 2B2 peptide and studied by immunofluorescence at time intervals up to 180 min. At concentrations above 5 μg/ml in injection buffer, the microinjection of 2B2 peptide caused cells to round up and detach from the substrate, as we previously reported in the case of the Vim-1A peptide (data not shown; Goldman *et al.*, [@B20]). However, at a concentration of 2.0 μg/ml in injection buffer, it was obvious that extended VIF networks disappeared from the cell periphery, but some VIF remained in the juxtanuclear region ([Figure 6D](#F6){ref-type="fig"}). In addition, numerous particles remained throughout the cytoplasm and were particularly enriched in the regions at the cell surface where lamellipodia typically formed ([Figure 6D](#F6){ref-type="fig"}, inset). The microinjection of serum-starved cells with a lower concentration of 2B2 (0.5 μg/ml in injection buffer) usually elicited a more local retraction of the VIF from the cell surface, which was coincident with the formation of a lamellipodium near the injection site. Staining with Arp2/3 antibody verified that the lamellipodia were induced in all cells in which the VIF were reorganized ([Figure 6E](#F6){ref-type="fig"}; n = 100). In contrast, microinjection of a scrambled peptide ([Figure 6F](#F6){ref-type="fig"}; n = 20), bovine serum albumin (BSA; n = 50), or buffer alone (n = 50) into serum-starved cells did not alter the overall organization of VIF or induce the formation of lamellipodia. In some cases, microinjected live cells exhibited upper surface ruffles at the injection site ([Figure 6, G--I](#F6){ref-type="fig"}). Under serum-starved conditions, the induction of ruffling following microinjection took ∼30--60 min.

![The mimetic 2B2 peptide disassembles VIF in vitro and induces ruffling in vivo. (A--C) The addition of the mimetic 2B2 peptide to recombinant human vimentin assembled for 1 h (A) induced depolymerization that began within 10 s after addition (B) and rapidly proceeded so that after 5 min predominantly ULF-like structures remained (C). Negative stain electron microscopy. Bar = 100 μm. (D--F) In response to the microinjection of higher concentrations of 2B2 into serum-starved (72 h) mEF cells, the VIF frequently retracted from the entire cell periphery (D, immunofluorescence with anti-vimentin; inset, higher magnification of region indicated by asterisk). Note the presence of vimentin particles in the region between the retracted VIF and the cell surface, which shows extensive membrane ruffling. This cell was fixed 60 min after microinjection. (E) In cells injected with lower concentrations of peptide and fixed 30--60 min later, the VIF frequently disassembled near the injection site, where lamellipodia also formed, as indicated by Arp2/3 staining (E, double-label immunofluorescence; vimentin, white; Arp2/3, magenta; inset, higher magnification of region near asterisk). In comparison, control serum-starved (72 h) 3T3 cells or mEF that were microinjected with a scrambled peptide, BSA, or buffer alone did not show an altered distribution of their VIF and lamellipodia were not induced (F, GFP-vimentin in a live 3T3 cell after the injection of scrambled peptide). (G--I) Occasionally, upper surface ruffles were apparent after the microinjection of 2B2 at the injection site (G, H, live 3T3 cell before; I, 10 min postinjection). Bars = 10 μm.](1274fig6){#F6}

We confirmed the effects of the 2B2 peptide on VIF organization and the formation of lamellipodia by microinjecting live Emerald-vimentin--expressing 3T3 cells that had been serum-starved for 72 h (n = 35). As described above, we observed several responses. Some cells began to ruffle around their entire periphery, and this was coincident with the disassembly and retraction of the entire VIF network toward the nucleus ([Figure 7, A and B](#F7){ref-type="fig"}). In other cells, the local disassembly of the VIF network was coincident with local membrane protrusion ([Figure 7, C--J](#F7){ref-type="fig"}). Subsequent immunofluorescence observations of these same microinjected cells confirmed that these regions contained the parallel actin filaments typical of lamella and lamellipodia ([Figure 7, H--J](#F7){ref-type="fig"}).

![Live imaging of the disassembly of VIF and membrane ruffling. (A--B) A live mEF expressing Emerald-vimentin and maintained in 2% serum was microinjected with 2B2 peptide. Following microinjection, the VIF network disassembled and withdrew from the cell periphery, and this was coincident with lamellipodial activity over most of the cell surface (A, Emerald-vimentin and phase contrast overlay, before; B, 10 min after microinjection). (C--J, images of the same cell, C--G, live; H--J, fixed) Emerald-vimentin in a live, serum-starved (72 h) 3T3 cell with an extended VIF network (C, Emerald-vimentin and phase contrast overlay, before injection; asterisk indicates injection site). Within ∼30 min, the VIF network began to disassemble near the site of microinjection (E, region indicated by box in C), and VIF disassembly continued as membrane ruffles formed near the injection site. Squiggles were also present in these regions (F, G, vimentin; indicated times are postmicroinjection; D, 60 min after microinjection). The subsequent fixing and staining of the same microinjected cell confirmed that vimentin particles were also present within the newly formed lamella and lamellipodia (H, vimentin; I, F-actin; J, phase contrast). All bars = 10 μm.](1274fig7){#F7}

We also studied the effects of the 2B2 peptide in cells maintained in 2% serum for 72 h. Cells grown in this low level of serum contain fewer and smaller membrane ruffles than cells maintained in normal serum and have numerous nonruffling, rigid-appearing regions at their edges. Cells maintained in 2% serum also responded much more rapidly to the 2B2 peptide (0.5 μg/ml in injection buffer), as evidenced by the formation of lamellipodia within ∼10 min following microinjection. This enabled us to monitor the behavior of microinjected cells for longer periods of time. For these experiments, cells were injected at sites near the nonruffling, rigid-appearing regions. In 36% of the cells (n = 22), a ruffled membrane formed primarily near the microinjection site. In some cases, motile cells reversed direction and moved toward this newly formed lamellipodium ([Figure 8, A--H](#F8){ref-type="fig"}, arrow denotes site of injection). In ∼45% of the microinjected cells, ruffling was induced around the entire cell periphery (e.g., [Figure 7B](#F7){ref-type="fig"}). The remaining ∼22% of the microinjected cells rounded up, and many of them subsequently respread and exhibited circumferential membrane ruffling (data not shown). A few of these rounded-up cells detached from the substrate, which is similar to the behavior of cells following the microinjection of other vimentin peptides (Goldman *et al.*, [@B20]).

![Live imaging of altered motility following VIF disassembly in 2B2-microinjected serum-deprived cells. (A--H, live phase contrast images of the same cell). Moving mEF cells maintained in 2% serum were microinjected with 2B2 opposite ruffling areas (A, arrow marks the microinjection site). Small membrane protrusions became apparent near the site of microinjection within ∼10 min (D, 15 min). This lamellipodium became more prominent with time, and eventually this cell began to move in the direction of the newly formed lamellipodium (A--H, note the retraction fibers above the cell in A and below it in B; see Supplemental Video S4). Bar = 100 μm.](1274fig8){#F8}

Alterations in VIF decrease the rates of cell motility
------------------------------------------------------

As shown above, the majority of fibroblasts exhibit extended VIF networks and very little lamellipodial activity when grown in the absence of serum. As a further test of the role of VIF in inhibiting the formation of lamellipodia, we examined vim^−/−^ mEF. We found that after incubation in serum-free medium for up to 72 h, vim^−/−^ mEF continued to form lamellipodia (as indicated by Arp2/3 staining) at a significantly greater frequency than did normal (vim^+/+^) mEF grown under the same conditions ([Figure 9](#F9){ref-type="fig"}, A--C: vim^−/−^, 57.2 ± 4.0% vs. D--F: vim^+/+^, 20.6 ± 1.1% after 72 h, n = 100, p \< 0.01). Because lamellipodia are the major locomotory organelles of fibroblasts, we also determined the effect of the presence or the absence of VIF on cell migration. Previous support for a role for VIF in cell motility comes from findings of impaired locomotion in mEF obtained from vim^−/−^ mice (Eckes *et al.*, [@B15]; Mendez *et al.*, [@B51]). To provide further support for the role of VIF in cell motility, we characterized the behavior of fibroblasts expressing the dominant-negative GFP-vimentin~(1--138)~ construct, which alters the normal assembly of VIF networks (Kural *et al.*, [@B44]; Chang *et al.*, [@B7]). Within 24 h following transfection, these cells exhibited membrane ruffling around their entire peripheries, but their locomotory behavior was severely impaired ([Figure 10, A](#F10){ref-type="fig"} and B; see Supplemental Video S4; GFP-vimentin(1--138), 0.008 ± 0.004 μm/s vs. controls, 0.020 ± 0.006 μm/s; n = 42; p \< 0.001). The formation of lamellipodia was confirmed in these cells by immunofluorescence using antibodies directed against actin, Arp2/3, and cortactin (data not shown). We also determined the effect of vimentin silencing on rates of cell motility in 3T3 cells. Immunoblot analyses of 3T3 cells expressing vimentin short-hairpin RNA (shRNA) showed a 75% reduction in vimentin expression (data not shown). These cells exhibited membrane ruffling around their entire peripheries, similar to vim^−/−^ mEF (Mendez *et al.*, [@B51]), and the motility of these cells was significantly reduced ([Figure 10, C](#F10){ref-type="fig"} and D; n = 30, 0.009 ± 0.005 μm/s) compared with controls ([Figure 10, E and F](#F10){ref-type="fig"}; n = 30, 0.030 ± 0.009 μm/s; p \< 0.001). Taken together, these data confirm that an organized VIF network is required for fibroblast motility but not for the formation of lamellipodia.

![Lamellipodia are active in serum-starved vimentin mEF. (A--C, triple-label immunofluorescence of serum-starved \[72 h\] mEF). The majority of VIF in serum-starved vim^+/+^ mEF extend to the cell edges (A, vimentin). In these cells, thick stress fibers formed (B, actin), and lamellipodia were evident in only ∼20% of the cells, as indicated by Arp2/3 staining, even after 72 h (C, Arp2/3). (D--F triple-label immunofluorescence of serum-starved \[72 h\] vim^−/−^ mEF) In contrast, ∼60% of serum-starved vimentin-null mEF continued to form Arp2/3-enriched lamellipodia in the absence of serum (D, vimentin; E, F-actin; F, Arp2/3). Bars = 10 μm.](1274fig9){#F9}

![An organized vimentin network is required for cell motility. Fibroblasts expressing the dominant-negative vimentin mutant GFP-vim lose their forward/rearward polarity (A, vim^+/+^~(1--138)~ mEF; note GFP signal indicative of GFP-vim expression in the circularly shaped cell). These (1--138)-expressing cells exhibit continuous, circumferential ruffles but do not translocate (B, see green cell path tracing \>7 h; see also Supplemental Video S5). In comparison, mEF cells not expressing the dominant-negative mutant maintained their elongated shapes and motility (B, white cell path tracings). Similarly, motility was inhibited in 3T3 cells stably expressing vimentin shRNA (C, D), in contrast to 3T3 cells stably expressing a scrambled sequence (E, F). Bars = 100 μm.](1274fig10){#F10}

DISCUSSION
==========

VIF inhibit the formation of lamellipodia
-----------------------------------------

Our results demonstrate that there are gradients of the different assembly states of vimentin in migrating fibroblasts, as indicated by a high concentration of VIF within the tail and perinuclear regions, a relative decrease in long VIF and increase in squiggles (short IF) and nonfilamentous particles within the lamella, and an enrichment of particles within the lamellipodium. Thus the distributions of the different assembly states of vimentin are correlated with the shape and polarity of locomoting cells. In support of these observations, it has previously been shown that vimentin plays a dominant role in the shape transitions and increased motility of cells undergoing the EMT (Hendrix *et al.*, [@B26]; Mendez *et al.*, [@B51]). Other evidence has been derived from the microinjection of the mimetic vimentin 1A helix initiation peptide, which disassembles VIF mainly into monomers and dimers, causing fibroblasts to completely round up and lose their substrate attachments (Goldman *et al.*, [@B20]). In addition, silencing other type III IF proteins such as glial fibrillary acidic protein and peripherin cause significant shape changes in astrocytoma and PC12 cells, respectively (Weinstein *et al.*, [@B66]; Helfand *et al.*, [@B23]).

In this study, we show that the mimetic vimentin peptide, 2B2, disassembles VIF into ULF, rather than the lower order structures resulting from the 1A peptide experiments (Goldman *et al.*, [@B20]). Low concentrations of 2B2 microinjected into serum-starved fibroblasts frequently caused VIF to disassemble and retract from the edge of the cell near the injection sites where lamellipodia formed. At higher concentrations, the 2B2 peptide frequently caused more extensive VIF disassembly and retraction, and it induced membrane ruffling around the entire cell surface. In similar experiments, peripheral nonruffling regions of fibroblasts grown in 2% serum were induced to ruffle by 2B2 microinjection, and subsequently these cells changed their direction of translocation. These results demonstrate that the targeted disassembly and retraction of the VIF network from the cell perimeter can induce membrane ruffling and alter cell movement.

Our results also show that locomotion is inhibited in vim^−/−^ cells, vimentin-silenced cells, and cells expressing the dominant-negative vimentin~(1--138)~, even though under each of these experimental conditions cells ruffle extensively around their entire perimeters, indicating that VIF play a role in cell motility. This inhibition of motility in the absence of normally organized VIF may be related to the inability of the affected fibroblasts to establish the polarity required for motility. Thus the regulation of the disassembly of VIF may act as a molecular clutch that modulates the actin-based machinery responsible for moving cells. In contrast, when VIF are polymerized subjacent to the cell surface, they act as a brake and a mechanical stabilizer to inhibit the formation of lamellipodia.

IFs as mechanical stabilizers in the regulation of cell locomotion
------------------------------------------------------------------

In support of their role as mechanical stabilizers of the cell surface, VIF have been shown to withstand significantly greater mechanical stresses in vitro than either microtubules or microfilaments, and they also exhibit strain hardening properties and can be stretched to ∼3× their length (Janmey *et al.*, [@B36]; Kreplak *et al.*, [@B42], [@B43]). These characteristics are inherent in all types of cytoplasmic IF proteins (Lin *et al.*, [@B48]). In vivo support for their mechanical roles is derived from the fact that mutations in keratin IF proteins have been associated with blistering diseases of the skin, in which keratinocytes become fragile and prone to rupturing upon mild physical stress (Chan *et al.*, [@B6]). It has also been demonstrated that the organization of IF networks rapidly changes in response to shear forces (Helmke *et al.*, [@B25]; Sivaramakrishnan *et al.*, [@B59]). For example, shear induces changes in the mesh size of the keratin IF network, resulting in an increase in its stiffness, further demonstrating that the IF network provides cells with a mechanism to withstand external mechanical forces (Sivaramakrishnan *et al.*, [@B59]). It is likely that the flexibility and strain-hardening properties of IF could locally control the stiffness of regions of a cell, thereby acting as determinants of the location and positioning of lamellipodia.

The local regulation of cell stiffness by VIF may help to explain the behavior of locomoting fibroblasts. In Abercrombie's ([@B1]) original descriptions of the properties of ruffled membranes in moving fibroblasts, he observed that a leading lamellipodium frequently stops ruffling as a new ruffle forms elsewhere on the cell surface, thereby causing the cell to move in a different direction. Little is known regarding the factors that determine the site of the formation of a lamellipodium. Certainly, this involves a series of complex interactions between external stimuli (e.g., growth factors), cell surface receptors, internal signaling pathways (e.g., Rho and Rac), and the reorganization of the cytoskeletal systems and their associated proteins. On the basis of our results, we hypothesize that the local organization of VIF participates in the determination of these sites. In support of this, we found that regions containing relatively few VIF could be induced to ruffle by significantly less PA-Rac1 activation than was necessary in regions containing more VIF. These results may explain the previous observation that some cellular regions required much greater irradiation than others to initiate lamellipodia following PA-Rac1 activation (Wu *et al.*, [@B68]).

Vimentin phosphorylation and the regulation of IF assembly and organization
---------------------------------------------------------------------------

The functional significance of the finding that there is an enrichment of nonfilamentous vimentin particles within newly formed lamellipodia is unknown. These structures have been shown to be precursors in the assembly of short IF (squiggles; Prahlad *et al.*, [@B55]). Similar precursors to keratin IF have been reported in the peripheral regions of epithelial cells (Windoffer *et al.*, [@B67]). While the exact origin of the vimentin particles remains to be determined, it is likely that at least some of these structures arise from the disassembly of preexisting VIF. This disassembly is probably regulated by protein kinases (e.g., Lamb *et al.*, [@B45]), as it has been shown that phosphorylation plays a critical role in regulating the assembly states of VIF. For example, phosphorylation of Ser-55 in the non--α-helical N-terminal domain of vimentin by Cdk1 is responsible for VIF disassembly into nonfilamentous particles as cells round up to enter mitosis (Chou *et al.*, [@B9]). However, the determination of the relevance of phosphorylation during the induction of ruffling is complex, as vimentin has 53 known and putative phosphorylation sites (Li *et al.*, [@B47]; Consortium, [@B13]). Of these, 19 sites reside in the N-terminus, a domain that is known to play an important role in the polymerization of IF (Chou *et al.*, [@B10], [@B11]; Herrmann *et al.*, [@B29]). Many of these sites are targets of kinases that are involved in the induction of lamellipodia and cell motility. These include PI3Kγ (Barberis *et al.*, [@B4]), ROKα (Sin *et al.*, [@B58]), PKC (Inagaki *et al.*, [@B34]), Raf-1 (Janosch *et al.*, [@B37]), protein kinase A (Howe, [@B32]), PAK (Goto *et al.*, [@B21]), and AKT1 (Zhu *et al.*, [@B73]). Vimentin Ser-38 is a particularly interesting site because it is targeted by at least seven kinases, including PAK, PKCε, and AKT (Ando *et al.*, [@B3]; Izawa and Inagaki, [@B35]; Zhu *et al.*, [@B73]). The latter three are known to be activated by Rac1 or serum addition. Using an antibody directed against vimentin pSer-38, we show that there is an ∼350--400% increase in phosphorylation at this site coincident with the induction of membrane ruffling. This is accompanied by both the local disassembly of VIF near the cell surface and an increase in the rate of subunit exchange along the remaining VIF as indicated by FRAP analysis. Interestingly, the local photoactivation of PA-Rac1 within an ∼10-μm-diameter spot is associated with an immediate increase in Ser-38 phosphorylation only within the illuminated area. This local phosphorylation is rapidly propagated along the VIF network throughout the cell in \<1 min. Yet under these experimental conditions, we can detect the disassembly and retraction of VIF adjacent to the cell surface only near the initial site of PA-Rac1 activation.

A possible explanation for the local disassembly of VIF during the formation of lamellipodia could be related to the levels of vimentin phosphorylation. For example, the conversion of VIF into the particles and squiggles seen subjacent to ruffles may require a higher level of phosphorylation than that necessary to induce subunit turnover in the remainder of the VIF network. Our FRAP data following serum addition suggest that this could be the case, as we demonstrate a twofold increase in the rate of subunit exchange in the VIF networks retained in regions not associated with the ruffled membrane. Other factors complicating our understanding of the regulation of VIF assembly states are the large number of kinases known to interact with vimentin, the regulation of the numerous kinase/phosphatase equilibria involved in regulating the dynamic properties of VIF, and the number of posttranslationally modified residues in the vimentin protein chain. It is also possible that, following the phosphorylation of one site, additional sites become more accessible and therefore more likely to be phosphorylated. In this manner, it is likely that multiple levels of regulation contribute to the state of vimentin assembly. To begin to determine the role of specific phosphorylation sites, we have initiated preliminary experiments into the effect of serum addition to serum-starved, vimentin-null cells expressing networks of a nonphosphorylatable mutant vimentin (S38A). To date, we have not detected an obvious alteration in the overall response to serum addition relative to controls (data not shown). This preliminary result suggests that future studies using the mutagenesis of multiple sites will be required to determine the role of phosphorylation in regulating the dynamic properties of VIF, their disassembly and retraction during the formation of lamellipodia.

It should be noted that some particles present within lamellipodia may represent newly synthesized protein. Support for this possibility comes from the presence of vimentin mRNA within the leading edge of cells (Lawrence and Singer, [@B46]) as well as the finding that vimentin particles are frequently associated with mRNA engaged in the process of "dynamic cotranslational assembly" (Chang *et al.*, [@B8]). Furthermore, these nonfilamentous particles may have functions distinct from those of fully polymerized VIF. For example, it has been shown during axonal regeneration that newly synthesized, unpolymerized vimentin forms a complex with activated MAP kinase, importin-ß, and cytoplasmic dynein before transport to the nucleus and the subsequent modulation of gene expression (Perlson *et al.*, [@B54]). It is also possible that the various vimentin structures present in the lamella/lamellipodial regions could be involved in the modulation of focal adhesions during cell motility. In support of this, vimentin has been associated with the distribution of β3 integrin--containing focal complexes (Bhattacharya *et al.*, [@B5]), the regulation of β1 integrins (Kim *et al.*, [@B38]), and the rate of turnover of paxillin, an "adaptor protein" common to all focal adhesions (Mendez *et al.*, [@B51]). Finally, we hypothesize that at least a subpopulation of these particles represents a storage form for the assembly of VIF networks that act to mechanically stabilize the spreading cytoplasm as a fibroblast moves forward in the direction of the leading lamellipodium.

Conclusions
-----------

This study defines a role for vimentin in the regulation of lamellipodium formation and cell motility. Specifically, when networks of VIF are assembled and associated with the cell surface, membrane ruffling and the formation of lamellipodia are inhibited. Conversely, the regulated disassembly of VIF into their structural building blocks allows lamellipodia to form. By modulating the formation of lamellipodia, VIF participate in the regulation of cell polarity and motility.

Materials and Methods
=====================

Cell culture
------------

NIH-3T3 mouse fibroblasts were maintained in DMEM supplemented with 10% fetal calf serum (FCS) as previously described (Goldman *et al.*, [@B19]). mEF were isolated from wild-type or vimentin-null mice (obtained from Karen Ridge, Northwestern University, Chicago, IL; Colucci-Guyon *et al.*, [@B12]) and cultured in DMEM containing 10% FCS as described. mEF stably expressing Tet-inducible (Clontech, Mountain View, CA) mVenus-tagged PA-Rac1 were maintained in DMEM supplemented with 10% FCS, 20 ng/ml puromycin (Sigma, St. Louis, MO), and 1 ng/ml doxycycline (BD Biosciences, Rockville, MD) in order to select for PA-Rac1--expressing cells and to suppress protein expression, as previously described (Wu *et al.*, [@B68]). These cells were incubated in doxycycline-free medium for 24 h to induce PA-Rac1 expression before the initiation of experiments. NIH-3T3 cells stably expressing vimentin shRNA (discussed later in this article) or a scrambled shRNA control were maintained in medium containing 20 ng/ml puromycin. For serum deprivation and starvation experiments, cells were incubated in DMEM containing 0% or 2% serum for 24--72 h. All of the experiments described in this article were performed in both 3T3 and mEF cells, with the exception of experiments involving stably transfected cells (e.g., mEF expressing PA-Rac1 and 3T3 cells expressing vimentin shRNA).

Antibodies and drug treatments
------------------------------

Antibodies used were rabbit polyclonal anti--vimentin 314 (Helfand *et al.*, [@B23]), chicken polyclonal anti-vimentin (Covance, Princeton, NJ), rat monoclonal TM38 anti--vimentin pSer-38 (Kosako *et al.*, [@B41]), rabbit polyclonal anti-VASP (Enzo Life Sciences, Plymouth Meeting, PA), rabbit polyclonal anti-cortactin (Millipore, Billerica, MA), and rabbit polyclonal anti--Arp2 p34 protein (Millipore). Secondary antibodies included FITC-, lissamine-rhodamine--, and Cy5-conjugated goat anti--mouse and anti--rabbit immunoglobulin G (Jackson ImmunoResearch, West Grove, PA), and peroxidase-conjugated goat anti--mouse and anti--rabbit secondary antibodies (Jackson ImmunoResearch) were used for immunoblotting. Immunoelectron microscopy was performed as previously described (Helfand *et al.*, [@B24]). Fluorophore-conjugated phalloidin (Invitrogen, Carlsbad, CA) was used in some experiments. For other experiments, cells were serum starved for 72 h before exposure to 2 μM nocodazole (Sigma) for 2 h, 2 μM cytochalasin B (Sigma) for 1 h, or 0.1 μM latrunculin B (Sigma) for 1 h before serum addition.

Immunofluorescence
------------------

Cells were processed for immunofluorescence using either methanol (−20°C) or 3.7% formaldehyde (room temperature) as previously described (Prahlad *et al.*, [@B55]; Yoon *et al.*, [@B71]). Methanol fixation is optimal for visualization of vimentin, whereas formaldehyde fixation was used to preserve actin structures. To determine whether or not a lamellipodium was present, cells were stained for actin and actin-associated proteins using phalloidin and anti-arp2/3. Immunostained preparations were imaged using a Zeiss Confocal LSM510 microscope equipped with a 1.4--numerical aperture (NA) 63× and a 1.4-NA 100× objective (Carl Zeiss, Jena, Germany).

SDS--PAGE and immunoblotting
----------------------------

For SDS--PAGE of total cell protein, cells were grown on 100-mm dishes to ∼70% confluence, washed twice with phosphate-buffered saline (PBS) before addition of 1 ml Laemmli sample buffer, and then collected with a rubber policeman and boiled for 5 min. To compare the proportion of soluble to insoluble vimentin protein, IF-enriched cytoskeletons were prepared as described previously (Helfand *et al.*, [@B24]) and analyzed for vimentin by immunoblotting at various times following serum replacement. Cells were counted and then lysed in buffer containing 0.5 M KCl, 1% Tx-100, 10 mM MgCl~2~, a phosphatase inhibitor (1 mg/ml phenylmethylsulfonyl fluoride; Sigma), and protease inhibitors (1 mg/ml TAME \[*N*~α~-(*p*-toluene sulfonyl)-[l]{.smallcaps}-arginine methyl ester\], Sigma; and Complete EDTA-free, Roche, Indianapolis, IN) in PBS. The lysates were then centrifuged at 1500 × g for 10 min. Samples containing lysate from equal numbers of cells were separated on 7.5% or 10% polyacrylamide gels and transferred to nitrocellulose membranes before immunoblotting with horseradish peroxidase--conjugated secondary antibodies and visualization using enhanced chemiluminescence (Thermo Scientific, Rockford, IL; Helfand *et al.*, [@B24]). The protein band intensities were quantified using Kodak Molecular Imaging Software v4.0.3 and data analyzed using Microsoft Excel.

Constructs and transfection
---------------------------

Plasmid enhanced GFP (pEGFP)--vimentin (Yoon *et al.*, [@B71]), vimentin mutant S38A (Eriksson *et al.*, [@B16]), and the dominant-negative pEGFP-vim~(1--138)~ (Kural *et al.*, [@B44]) cDNAs were prepared as previously described. Emerald-vimentin was kindly provided by Michael Davidson (Florida State University, Tallahassee). mCherry-PA-Rac1 was prepared as described (Wu *et al.*, [@B68]). In some experiments, cells were transfected with both Emerald-vimentin and mCherry-PA-Rac1 by electroporation and then plated on coverslips and processed for immunofluorescence within 24--72 h. In other experiments, cells were transfected using FuGene 6 (Roche). In serum starvation and deprivation experiments, transfected cells were placed in normal medium for 6--12 h before incubation in medium containing 0% or 2% serum. Vimentin shRNA (T3; GAATGGTACAAGTCCAAGT; Mendez *et al.*, [@B51]) and scrambled sequence controls were inserted into the pSilencer5.1 H1 (Clontech) retroviral vector according to the manufacturer's instructions. Briefly, virus was produced by coinfecting equal amounts of the shRNA vimentin T3 pSilencer5.1 H1 construct and pCL-Eco helper plasmid (Imgenex, San Diego, CA) into 293FT cells (Invitrogen) using Xfect Transfection Reagent (Clontech). Culture supernatant was collected on the second day postinfection and incubated with the target cells for 4--8 h in the presence of 8 μg/ml polybrene (Sigma). Two days after infection, cells were placed under 2 μg/ml puromycin selection. Confirmation of vimentin silencing was accomplished by immunoblotting and immunofluorescence.

In vitro analyses of the inhibition of IF assembly by the vimentin 2B2 peptide
------------------------------------------------------------------------------

Recombinant human vimentin and peptide corresponding to the vimentin 2B2 fragment of the central rod domain (referred to as the 2B2 peptide) were prepared as previously described (Strelkov *et al.*, [@B62]). Briefly, full-length cDNA was used as a template for PCR amplification, and the amplified products were ligated into the prokaryotic expression vector pPEP-T24 before expression of the construct in BL21(DE3) *Escherichia coli* cells (EMD Biosciences, San Diego, CA). The 2B2 peptide was liberated from the fusion product by thrombin cleavage, purified as described, and dialyzed into 5 mM Tris-HCl buffer, pH 8.4 (Strelkov *et al.*, [@B62]). The effects of the 2B2 peptide on vimentin assembly into IF were assessed by incubating recombinant vimentin with the peptide at molar ratios ranging from 1:1 to 1:10 (wild-type: 2B2). Formation of VIF was initiated by the addition of assembly buffer (200 mM Tris-HCl \[pH 7.0\] and 1.6 M NaCl) before samples were incubated at 37°C for times between 10 s and 1 h (Herrmann *et al.*, [@B29]). In other experiments, VIF were assembled for 1 h before the addition of the 2B2 peptide at molar ratios 1:≤10. Ultrastructural analysis of negative-stained preparations and specific viscosity measurements were evaluated at times intervals up to 70 min, following the initiation of IF assembly or disassembly, as previously described (Herrmann *et al.*, [@B28]).

Microinjection
--------------

Cells grown on locator coverslips (Bellco, Vineland, NJ) were selected for microinjection using either a Zeiss Confocal LSM510 or a Nikon TE-2000 inverted microscope. In some cases, cells were transfected with Emerald-vimentin before microinjecting either the 2B2 peptide, BSA, or a scrambled peptide (Moir *et al.*, [@B53]) as previously described. Before microinjection, 2B2 or scrambled peptides were dialyzed into microinjection buffer (20 mM Tris, pH 7.5, in 75 mM NaCl) and further diluted to final concentrations of 0.5--10.0 μg/ml (Prahlad *et al.*, [@B55]). The microinjected cells were either fixed and processed for immunofluorescence within 5--60 min postinjection or imaged live using either a Nikon TE-2000 or Zeiss LSM 510 microscope (detailed later in this article).

Live cell imaging
-----------------

Time-lapse observations were made at 37°C using either the Zeiss LSM 510 confocal microscope equipped with an airstream stage incubator (Nevtek, Williamsdale, VA; Yoon *et al.*, [@B71]) or the Nikon Eclipse TE2000-E microscope equipped with the Perfect Focus system (Nikon, Melville, NY) and the INU stage incubator system (Tokai Hit, Shizuoka-Ken, Japan). Images of live cells were captured on the LSM510 at ∼3--180-s intervals at a resolution of 512 × 512 pixels per inch with a scanning time of ∼1 s for 5--60 min. FRAP was performed as described previously (Yoon *et al.*, [@B70]). Phase-contrast images of cells were taken simultaneously to ensure that there were no significant changes in cell shape or position during FRAP experiments. Bar-shaped regions were bleached using the line-scan function at 488 nm (100% power, 1% attenuation), and recovery of fluorescence was monitored at 1--2-min intervals for up to 30 min. For experiments conducted on the Nikon microscope, images were captured every ∼30--300 s for periods up to 12 h.

The cells expressing PA-Rac1 were maintained and prepared for imaging in the dark or in red light, as described elsewhere (Wu *et al.*, [@B68]). Briefly, differential interference contrast images were acquired with a red filter (Schott RG610) between the halogen light source and the samples to prevent unintended photoactivation. To activate PA-Rac1, cells were illuminated using a 5-mW LSM 510 Laser Module at 458 nm. Control illumination, which should not activate PA-Rac1, was provided by the 15-mW, 633-nm laser of the same module. Illumination consisted of 1--30 pulses of light using 100% laser power. In some experiments, images of Emerald-vimentin--expressing 3T3 cells were captured every ∼10--30 s or every 5--10 min after PA-Rac1 activation to monitor cells for longer time periods. Images were captured using a 1.4-NA 63× or a 1.4-NA 100× objective. Other experiments involved methanol fixation at short time intervals following local irradiation of an ∼10-μm-diameter spot. For some experiments, irradiation of entire coverslips was accomplished by exposing the coverslip to fluorescent lighting for 10 min.

Quantitation of cellular motility
---------------------------------

The rates of motility of mEF cells expressing dominant-negative vimentin (pEGFP-Vim~(1--138)~) or control cells were determined by live cell imaging. MetaMorph v7.0 (Molecular Devices, Sunnyvale, CA) was used to determine the rate of cell motility using the center of the nucleus as a reference point that was tracked over time. The distance between these points was determined and then divided by the total time of live imaging to determine velocity. A Student's *t* test was performed to compare the motile properties of cells. Results were considered significant at p \< 0.05.

Electron microscopy
-------------------

Cells grown on coverslips were extracted with PEM buffer (100 mM PIPES, pH 6.9, 1 mM MgCl2, 1 mM EGTA) containing 1% TX-100 and 4% polyethylene glycol for 5 min (Svitkina *et al.*, [@B63]; Helfand *et al.*, [@B24]). In these experiments, 2 mM phalloidin (Invitrogen) was added to the PEM buffer to preserve actin structures. These preparations were then fixed with 2% glutaraldehyde, labeled with gold-conjugated antibodies, stained with 0.1% tannic acid/0.2% uranyl acetate, and processed by critical point drying/rotary shadowing as previously described (Svitkina *et al.*, [@B63]; Helfand *et al.*, [@B24]). Controls for these preparations involved all of the various steps and incubations described using either no antibodies or secondary gold-coupled antibodies alone. These preparations were observed with a JEOL JEM-1200EX transmission electron microscope.
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